Little is known about the chronic adaptations that take place in the fetal heart to allow for increased substrate delivery in response to chronic stress. Because glucose is an important fuel for the fetal cardiomyocytes, we hypothesized that myocardial glucose transporters 1 and 4 (GLUT1 and GLUT4, respectively) are up-regulated in the fetal sheep heart that is chronically stressed by anemia. Fetal sheep at 128 d gestation underwent daily isovolumic hemorrhage and determination of myocardial blood flow, oxygen consumption, and substrate utilization. At the end of 3 or 7 d of anemia, myocardial levels of GLUT1 and GLUT4 mRNA and protein were measured and subcellular localization was determined. Despite stable heart rate and blood pressure, anemia caused a nearly 4-fold increase in right and left ventricular (RV and LV) free wall blood flow. No significant change in myocardial glucose uptake was found and serum insulin levels remained stable. Both 3-d RV and LV and 7-d RV mRNA and protein levels of GLUT1 and GLUT4 were unchanged; 7-d LV GLUT1 and GLUT4 mRNA levels were also stable. However, LV GLUT1 protein levels declined significantly, whereas LV GLUT4 protein levels were increased. In the steady state, GLUT4 protein localized to the sarcolemma membrane. These findings suggest that the glucose transporters are post-transcriptionally regulated in myocardium of chronically anemic fetal sheep with changes that mimic normal postnatal development. Unlike the postnatal heart, localization of GLUT4 to the cell membrane suggests the importance of GLUT4 in basal glucose uptake in the stressed fetal heart. The heart of the anemic fetus must adapt to an increased workload in the face of decreased oxygen carrying capacity of the blood. In fetal sheep, several hemodynamic adaptations occur acutely that serve to maintain optimal tissue perfusion. Arteriolar resistance to vital organs, including the heart, brain, and adrenal glands, declines, allowing preservation of adequate substrate delivery (1). Stroke volume increases, along with cardiac work, to support the compensatory increase in cardiac output (2).
The heart of the anemic fetus must adapt to an increased workload in the face of decreased oxygen carrying capacity of the blood. In fetal sheep, several hemodynamic adaptations occur acutely that serve to maintain optimal tissue perfusion. Arteriolar resistance to vital organs, including the heart, brain, and adrenal glands, declines, allowing preservation of adequate substrate delivery (1) . Stroke volume increases, along with cardiac work, to support the compensatory increase in cardiac output (2) .
Chronically, anemia has a profound affect on myocardial architecture, including biventricular hypertrophy accompanied by myocardial vessel growth, as demonstrated by an increase in minimal capillary diameter and a reduction in intercapillary distance (3, 4) . These adaptations serve to decrease ventricular wall stress and provide enhanced myocardial substrate and oxygen delivery. Interestingly, even with myocardial vessel growth, coronary flow reserve is maintained, allowing the heart to respond to additional stresses placed on the fetus (5) .
Metabolic adaptations must accompany the structural changes of the myocardium as cardiac workload increases with acute anemia and is maintained at elevated levels with chronic anemia. An increase in substrate delivery to the myocyte is crucial if normal function is to be maintained. The fetal heart primarily oxidizes glucose and lactate to generate ATP (6) , and, in the chronically anemic fetal heart, ATP production continues to occur aerobically despite a 4-to 8-fold increase in serum lactate levels (3, 5) . At the cardiomyocyte sarcolemma membrane, glucose uptake occurs primarily via two carriers, the glucose transporters 1 and 4 (GLUT1 and GLUT4) (7) . In the fetal heart, GLUT1 is responsible for basal glucose uptake and is expressed to a greater extent than GLUT4, although developmental increases in GLUT4 have been found (8) . In the mature heart, GLUT4 is present in intracellular vesicles and translocates to the cell membrane in response to stimuli such as insulin (9) or hypoxia/ischemia (10) to enhance myocardial glucose uptake during these periods of stress. Importantly, the fetal ovine heart has been shown to vary its expression of GLUT1 and GLUT4 when faced with a perturbation in substrate delivery (11, 12) . To accommodate the increased workload faced by the heart in the chronically anemic fetus and the need for additional ATP production, an increase in substrate uptake must also occur. The goal of this study was to determine whether increased expression of GLUT1 and GLUT4 occurs in the chronically anemic fetal heart and thereby provides a mechanism to enhance glucose delivery to the stressed myocytes.
METHODS
Animal preparation. All studies were performed using pregnant ewes of Dorset and Suffolk mixed breeding, obtained from a local source. The gestational ages were based on the induced ovulation technique as described elsewhere (13) .
Anesthesia and surgical techniques to cannulate the 128-d fetuses (term ϭ 145 d) have been described previously (14) . Briefly, after a 24-h fast of the pregnant ewe, general anesthesia was induced with a mixture of halothane (1%), oxygen (33%), and nitrous oxide (66%). Under sterile conditions, a uterine incision was made and the fetus exteriorized. For animals that were to undergo the chronic anemia protocol along with measurement of myocardial blood flow and myocardial substrate utilization, the fetal thorax was opened and catheters were secured in the left atrial appendage [used solely for microsphere injections (see below)] and placed in the azygous vein. The latter catheter was advanced into the coronary sinus and the azygous sutured tightly around the catheter. A catheter was also placed in the carotid artery and the tip advanced to the proximal ascending aorta. This catheter was used to obtain reference blood samples during microsphere injection and arterial oxygen content and glucose and lactate concentrations. After closure of the chest (or solely in animals that were not injected with microspheres), femoral venous and arterial catheters were placed and the fetus returned to the uterus.
After a 72-h recovering period, daily isovolumic hemorrhage was performed by removal of 80 -100 mL of blood and simultaneous replacement with warmed normal saline. Daily measurements of heart rate, blood pressure, and arterial blood gases were made. Fluorescent microspheres were injected into the left atrium before initiating bleeding and before harvesting fetal tissues to measure myocardial blood flow (see below). After 3 d (n ϭ 4) or 7 d (n ϭ 13) of hemorrhage or sham blood removal, the ewe was again anesthetized as above and the fetuses removed. Fetal tissues were weighed and flash frozen in liquid nitrogen. Animals of either sex were used. Sham controls (n ϭ 13) were similarly instrumented although no hemorrhage was performed.
All procedures were performed within the regulations of the Animal Welfare Act and the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Iowa Animal Care and Use Committee.
Northern blot analyses. Measurements of steady-state mRNA levels of GLUT1 and GLUT4 were made as described previously (15) . Total RNA was isolated from the right or left ventricular free wall of the chronic anemic or sham control fetuses. Ovine-specific cDNA probes were prepared to enhance signal-to-noise of the d- 32 UTP signal of the Northern blots. Hybridization signals were quantitated using a phosphorimager (Molecular Dynamics, Sunnyvale, CA). After study with the specific GLUT1 or GLUT4 probes, blots were stripped and rehybridized with 32 P-labeled probe to the 18S subunit of ribosomal RNA to normalize for variable RNA loading.
Quantitative immunoblots. Immunoblots were prepared as described previously (15) using protein isolated from the left or right ventricular free walls. Antibodies to GLUT1 and GLUT4 proteins were obtained from a commercial source (Santa Cruz Biotechnology, Santa Cruz, CA). The secondary antibody used to detect the primary antibodies was conjugated with horseradish peroxidase. Detection of the secondary antibody using the Pierce SuperSignal Kit (Pierce Biotechnology, Inc., Rockford, IL) was performed and used to expose Kodak XAR film at room temperature. Films were digitized and signals quantitated using NIH Image (Wayne Rasband, National Institutes of Health).
Serial protein dilutions were tested with each antibody to assure quantitated signals were in the linear range for added protein. Immunoblots for each antibody were done at least in triplicate.
Membrane fractionation. To qualitatively assess the intracellular localization of GLUT4 protein, separation of the SL and SR membranes was performed as described by Pitts (16) and modified by Park et al. (17) . Briefly, frozen myocardial samples were pulverized in liquid nitrogen then homogenized in 6 mL of 0.6 M sucrose, 10 mM imidazole (pH 7.0), and protease inhibitors leupeptin (20 g/mL), aprotinin (2.1 g/mL), and phenylmethanesulfonyl fluoride (100 g/mL). After centrifugation at 12,000 ϫ g for 30 min at 4°C, the supernatant was diluted in 8 mL 160 mM potassium chloride and 20 mM 3-morpholinopropanesulfonic acid (KCl/MOPS buffer) at pH 7.4. The diluted supernatant was centrifuged at 95,000 ϫ g for 30 min and the pellet was resuspended in 6 mL of KCl/MOPS buffer using a blade homogenizer. The resuspended pellet was carefully layered onto 7 mL of 30% sucrose dissolved in 0.3 M KCl and 0.1 M Tris-HCl (pH 8.3) and centrifuged at 95,000 ϫ g at 4°C for 90 min. The band at the gradient interface (SL fraction) was diluted in at least five volumes KCl/MOPS buffer and pelleted at 100,000 ϫ g for 30 min. Pellets from the second 95,000 ϫ g (SR fraction) and the 100,000 ϫ g (SL fraction) spin were resuspended in 50 mM Tris/10 mM EDTA/150 mM NaCl/0.1% mercaptoethanol (containing the protease inhibitors listed above) and then sonicated for 20 s before immunoblot studies. Relative purity of the SL and SR fractions was verified by showing enhanced concentration of Na ϩ -K ϩ ATPase and sarcoplasmic reticulum Ca 2ϩ -ATPase (SERCA), respectively, by immunoblot using antibodies obtained from a commercial source (Santa Cruz Biotechnology).
Myocardial blood flow measurement. Myocardial blood flow was determined using fluorescent microspheres as described previously (18) . Briefly, for each blood flow determination, approximately 1.2 ϫ 10 6 15 m fluorescentlabeled polystyrene microspheres (Triton Technology, San Diego, CA) suspended in 1 mL 0.9% NaCl with 0.02% Tween and 0.02% thimerosal, were injected into the left atrium and flushed with 2 mL 0.9% NaCl over a 30-s period. Beginning 25 s before the microsphere injection, reference blood samples were withdrawn from the 1.14 mm internal diameter carotid catheter (tip in the ascending aorta) into heparinized glass syringes for 2.5 min at a rate of 2 mL/min. Samples of blood and known weights myocardium were digested and filtered to recover microspheres using previously published methodologies ("Manual for Using Fluorescent Microspheres to Measure Regional Organ Perfusion," Fluorescent Microsphere Resource Center, University of Washington; available at http://fmrc.pulmcc.washington.edu). After digestion, the microspheres were filtered from the solutions using 10 m filter membranes (Triton Technology). Microspheres were dissolved with 1000 L of Cellosolve acetate (Fisher Scientific, Fair Lawn, NJ) and 200 L of solution was transferred to a well plate and fluorescence was determined. Fluorescent measurements of experimental and "standard curve" samples were determined with a luminescence spectrophotometer (LS-50B, PerkinElmer, Wellesley, MA) using the appropriate excitation/emission wavelengths and slit widths for the given colored sphere. Tissue blood flow (using ascending aorta reference samples) was calculated using the formula: Left ventricular substrate utilization determination. As described above, catheters positioned in the ascending aorta and coronary sinus were used to measure left ventricular oxygen, glucose, and lactate uptake. Oxygen content measurements were made using a co-oximeter (Instrumentation Laboratories, Lexington, MA) whereas glucose and lactate measurements were made using a YSI Glucose/Lactate Analyzer (YSI Inc., Yellow Springs, OH). Arterialvenous differences were determined and multiplied by the average of the left ventricular endocardial and epicardial blood flows determined from the fluorescent microsphere measurements.
Sheep serum insulin was measured using a solid-phase RIA kit (Coat-ACount Insulin, Diagnostic Products, Los Angeles, CA). Serum samples were measured directly without prior extraction or dilution. The lowest concentration of insulin that can be reliably measured using this test method was 1.0 IU/mL. The intra-and interassay coefficients of variation averaged 2.0% and 7.3%, respectively.
Statistics. All data are expressed as mean Ϯ SEM. Comparisons between the chronic anemic and control groups were made by unpaired t test. Significant differences were identified at the p Ͻ 0.05 level.
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RESULTS
During the period of anemia, a similar progressive decline in arterial oxygen content occurred in both the 3-d and 7-d animals, reaching a final value of 2.4 Ϯ 0.1 mL/dL in the 3-d and 2.6 Ϯ 0.1 mL/dL in the 7-d fetuses (Fig. 1 ). This fall in oxygen content reflected a significant decline in Hb in both the 3-d and 7-d fetuses (Table 1) . Mean arterial pressure, heart rate, and arterial pH remained stable during the period of anemia in both groups of animals ( Table 1) .
Myocardial blood flow was measured at the beginning and end of the 7-d anemia period in four animals using fluorescent microspheres. As summarized in Table 2 , blood flow to both the endocardium and epicardium of the right and left ventricles was significantly increased after 7 d of anemia compared with baseline measurements made in the same animals.
Left ventricular oxygen consumption was determined based on an average of the LV endocardium and epicardium blood flows and the difference in oxygen content between the aorta and coronary sinus. Although myocardial oxygen consumption was increased, variability of the data and the small number of samples precluded identification of a significant difference (Table 2) . Left ventricular utilization of glucose and lactate was also determined at baseline and at the end of the 7-d study period of anemia. As shown in Table 2 , both glucose and lactate uptake remained stable at the two time points. However, serum lactate levels increased significantly in the animals at 7 d of anemia (baseline lactate, 1.33 Ϯ 0.27 mM; 7-d anemia lactate, 2.94 Ϯ 0.62 mM; n ϭ 4; p Ͻ 0.05).
Myocardial expression of the glucose transporters GLUT1 and GLUT4 at the mRNA and protein levels was compared in 7-d anemic and control fetuses. Myocardium from both the right and left ventricular free walls was sampled for study. Steady state mRNA levels of GLUT1 were similar in control and 7-d anemic fetuses of both ventricles (Fig. 2) . At the protein level, GLUT1 levels were lower in the myocardium of anemic animals, declining significantly in the left ventricular free wall tissue. Similar to GLUT1, steady state mRNA levels of GLUT4 remained unchanged in anemic right and left ventricular myocardium compared with controls (Fig. 3) . Myocardial protein levels of GLUT4, however, were significantly increased in the left ventricle from anemic animals. Right ventricular GLUT4 protein levels were unchanged.
To examine the time course of the changes in GLUT1 and GLUT4 protein levels and to determine whether any early increases in GLUT1 or GLUT4 gene expression occurred, additional Northern and Western blot studies were performed on a separate group of animals after 4 d of anemia (n ϭ 4). In both the right and left ventricular myocardium of these 4-d anemic animals, no change in mRNA or protein levels of GLUT1 and GLUT4 were found in comparison to sham controls (data not shown).
Transcription of the GLUT4 gene and cellular localization of the GLUT4 protein is regulated by serum insulin (9, 19) . Because of this well-defined relationship, serum insulin levels Northern blot using an ovine-specific 32 P-labeled probe to GLUT1. Membranes were re-probed with a probe to the 18S rRNA to correct for variable RNA loading. Quantitated 32 P signals are shown in the plot (n ϭ 11 for RV and 12 for LV). The lower panel shows representative lanes of an immunoblot using an anti-GLUT1 antibody to determine steady-state GLUT1 protein levels in the RV and LV free walls of 7-d anemic and control animals. Chemiluminescent signals were quantitated and are shown in the lower plots (n ϭ 13). *p Ͻ 0.05 by unpaired t test. The intracellular localization of GLUT4 in the left ventricular myocytes of the control and anemic animals was also investigated. Left ventricular samples were separated into a SL membrane fraction (outer cell membrane) and a SR membrane fraction (inner cell membranes). The effectiveness of the membrane fractionation method was verified by immunoblot using an antibody to Na ϩ -K ϩ ATPase, an outer membrane protein, and SERCA, a protein found in sarcoplasmic reticulum (Fig.  4) . Although some samples retained some SL membranes (as seen by the presence of Na ϩ -K ϩ ATPase in the SR fraction and some SERCA in the SL fraction in Fig. 4 ), the GLUT4 protein was found to be predominantly localized to the SL membrane fraction in both chronically anemic and control animals.
Table 1. Hemodynamic and Physiologic Measurements of the Anemic Ovine Fetuses
DISCUSSION
Hemodynamic and metabolic response of the chronically anemic fetal heart. The effect of arterial hypoxemia on fetal hemodynamics has been investigated in both the acute and chronic settings. Acutely, there is a decrease in arteriolar resistance to the vital organs and an increase in cardiac stroke volume (1,2). The heart rate and blood pressure response in the chronically anemic fetal sheep heart has been found to be variable. While the blood pressure was decreased in the anemic animals compared with controls in this study, this difference was not significant. Several investigators have shown little or no change in either heart rate or blood pressure despite greater than 50% reduction in fetal hematocrit and arterial oxygen content (3) (4) (5) 20) . Cardiac work also appears to increase, although a significant increase in myocardial oxygen consumption was identified in only one study (5) .
Decreased arterial oxygen content in the fetal lamb has a profound effect on the myocardial blood flow. Since the heart primarily operates aerobically, coronary flow must increase to provide adequate oxygen delivery. As in this study, others have found 3-to 5-fold increases in myocardial blood flow in the anemic fetus (3, 5, 20) . A threshold level of arterial oxygen content of approximately 6 mL/dL (2500 M) appears to exist in both acute and chronic models of fetal hypoxia below which myocardial blood flow increases (20, 21) .
It is apparent that the adaptive increase in myocardial blood flow supports continued aerobic utilization of glucose and lactate by the cardiac myocyte. The marker of anaerobic metabolism, a shift to lactate production by the myocytes, was not seen in this study or prior investigations (3, 5, 20) . In fact, in the large study by Davis et al. (5) , only 2 of 46 samples from anemic fetal lambs demonstrated net lactate production. Continued aerobic metabolism, however, does not occur elsewhere in the body. Systemic lactate levels increased significantly in this and other studies indicating a shift toward anaerobic metabolism (3,5,20) . The source of the increase in serum The top panel shows representative lanes of the Northern blot using an ovine-specific 32 P-labeled probe to GLUT4. Membranes were re-probed with a probe to the 18S rRNA to correct for variable RNA loading. Quantitated 32 P signals are shown in the plot (n ϭ 12 for RV and 11 for LV). The lower panel shows representative lanes of an immunoblot using an anti-GLUT4 antibody to determine steady-state GLUT4 protein levels in the RV and LV free walls of 7-d anemic and control animals. Chemiluminescent signals were quantitated and are shown in the lower plots (n ϭ 13). *p Ͻ 0.05 by unpaired t test. 716 lactate concentration has not been determined. The important conclusion from these data is that, despite dramatic declines in arterial oxygen carrying capacity after 7 d of anemia, the fetal heart does not appear to become significantly hypoxic and the heart continues to aerobically oxidize glucose and lactate.
Glucose transporter expression in the fetal heart. Despite the stable myocardial glucose utilization as found in this study and others after chronic anemia and hypoxia (5, 20) , the mechanism(s) by which glucose entry is regulated in the fetal cardiac myocyte has not been extensively studied. In the fetus, GLUT1 is the dominant glucose transporter (8, 22, 23) . Postnatally, there is a decline in GLUT1 and an increase in both myocardial GLUT4 mRNA and protein levels (8, 22, 23) . In the postnatal heart, GLUT1 is thought to be responsible for basal glucose uptake during normal flow conditions (7, 9) . GLUT4, however, is primarily found in an intracellular location and is translocated to the outer cell membrane in response to insulin and other stresses such as hypoxia and ischemia (7, 24, 25) . Chronic anemia in our fetal sheep model caused an interesting adaptation in the myocardial glucose transporters. Levels of GLUT4 protein significantly increased in the LV of the chronically anemic animals while GLUT1 protein levels fell. These changes appeared to occur post-transcriptionally, inasmuch as no significant change in steady state mRNA levels of either GLUT1 or GLUT4 was seen. Furthermore, studies to examine the cellular localization of GLUT4 found that the protein was predominantly associated with the outer cell membrane, in a position where GLUT4 would contribute to glucose uptake. Of note, the sarcolemma localization of GLUT4 occurred in both the control and anemic hearts, suggesting that in the fetal heart, GLUT4 contributes to basal glucose uptake. Studies by He et al. (26) identified a similar preponderance of GLUT4 in the sarcolemma of fetal rat skeletal muscle and a decrease in insulin-mediated translocation of GLUT4 compared with adult, suggesting that glucose transport via GLUT4 significantly contributed to the basal metabolic needs of the muscle.
The origin of the interventricular differences in glucose transporter regulation is not clear. The presence of a patent ductus arteriosus that is nonrestrictive should result in both ventricles facing an equal afterload. Also, both LV and RV blood flows in the 7-d anemic animals increased by a factor of approximately 4, suggesting that substrate delivery would not have been significantly different between ventricles. The possibility of regional differences in myocardial wall stress and oxygen consumption exists and will require further study.
Regulation of glucose transporter expression. Whereas the regulation of GLUT1 and GLUT4 protein levels in this study appeared to occur at the post-transcriptional level, developmental changes in myocardial levels of these proteins have been shown to correlate with mRNA levels (23, 27) . In addition, elegant nuclear run-on assays by Santalucia et al. (28) demonstrated an age-related decrease in Glut1 and an increase in Glut4 transcriptional activity. The -99/-33 region of the Glut1 proximal promoter appears to drive transcription and contains the binding site for the Sp1 transcription factor (28, 29) .
The MAP kinase pathways also contribute to the regulation of Glut1 transcription. In isolated myocytes, transfection with constitutively active Ras or MAP kinase/ERK kinase (MEK1) stimulated expression of a Glut1 promoter construct (30) . Conversely, transfection with the MAP kinase phosphatase MKP-3 decreased Glut1 promoter activity (30) . These data are relevant given recent findings in our laboratory that phosphorylated ERK-1/2 levels are greatly diminished and MKP-3 protein levels are increased in the left ventricle of the anemic fetuses compared with control animals (unpublished data).
The identification of a hypoxia-inducible element upstream from the Glut1 gene and its parallel expression with HIF-1␣ suggest that the expression of GLUT1 can be induced by hypoxia (31, 32) . Recent studies by Martin et al. (4) found that the chronically anemic fetal heart increases expression of HIF-1␣. The greater levels of HIF-1␣ in these stressed hearts were associated with an increase in vascular endothelial growth factor and increased capillarity, thus providing an adaptive increase in coronary perfusion and substrate delivery to the myocardium.
The decrease in GLUT1 protein levels found in the 7-d anemic LV suggests that MAP kinase pathway regulation of Glut1 transcription may have been dominant in this study. It is possible that down-regulation of Glut1 transcription occurred at times other than the 3-d and 7-d time points that were examined in this study and that our measurements identified downstream effects of these pathways on GLUT1 protein levels.
Regulation of Glut4 gene expression appears to be equally, if not more, complex than Glut1. A 5'-flanking promoter region has been found that appears to convey insulin-responsive transcriptional activation (19, 33) . In addition, a novel mechanism of Glut4 transcriptional activation that involved cooperation between MyoD, myocyte enhancer factor-2, and the thyroid hormone receptor TRalpha1 has recently been defined in a skeletal muscle and fibroblast cell lines (34) . Given the stable insulin and GLUT4 mRNA levels in the chronic anemia model, the mechanism of the increase in GLUT4 protein level in the anemic fetuses will require further study.
CONCLUSIONS
The model of chronic anemia in the ovine fetus provides a unique tool for investigating the volume loaded fetal heart. The ability to simultaneously measure hemodynamic parameters, physiologic properties of the myocardium, and expression of genes allows important insights into clinically relevant adaptive responses of the fetal heart. In this study, increased workload experienced by the anemic fetal heart resulted in an apparent acceleration in the normal maturational changes that occur in the expression of myocardial glucose transporter proteins. The increase in left ventricular GLUT4 protein levels in the anemic animals, particularly with the localization of the GLUT4 protein to the sarcolemma membrane, likely contributed to the adaptation of the stressed hearts to the increased metabolic demands imposed by the anemic state. Whether this adaptive response was mediated by MAP kinase or other signaling pathways remains the focus of future investigations.
